Measurement of evolutionary adaptations of a visual system to its visual and operational ecology requires comparison of visual function in different species with similar morphologies and visual ecologies, occupying the same habitats but displaying differences in visually-guided behavior. The goal here was to document the biophysical properties of photoreceptors in the lesser water boatman Corixa punctata, which shares many features with the previously studied aquatic predator water boatman backswimmer Notonecta glauca. However, unlike the backswimmer, which heavily relies on vision to catch its prey, Corixa is a detritivore. Using the patch-clamp method, I found that the average whole-cell capacitance of Corixa photoreceptors was 441 ± 206 pF, higher than in any other insect studied so far, and that absolute sensitivity was positively correlated with capacitance (Spearman rank correlation coefficient, 0.73). Interestingly, both the sensitivity distribution median and variation in Corixa were similar to the corresponding values in the diurnal water strider Gerris lacustris and were substantially smaller than in the noctidial N. glauca or the nocturnal/crepuscular cockroach Periplaneta americana. Furthermore, capacitance was correlated with the amplitudes of light-induced (0.70) and delayed rectifier K + (0.46) currents, membrane corner frequency (0.68) and maximal information rate (IR max , 0.74). No correlation was observed between capacitance and transient K + current. Average IR max in Corixa was 36.0 ± 21.3 bits s
Introduction
Corixa punctata, the lesser water boatman, lives in fresh water basins and scavenges for edible vegetable particles. It has no gills and must re-surface regularly to replenish the oxygen supply stored in the bubble under the abdomen. Such re-surfacing may involve rapid changes in ambient light intensity, especially during the day, and is fraught with exposure to predators. Occasionally, lesser water boatmen fly between ponds. All of this indicates a need for good vision and C. punctata indeed possesses relatively large eyes and displays robust visually-triggered escape reactions.
Corixa's compound eye is an apposition eye of the open rhabdom type. Each ommatidium contains eight widely spaced photoreceptors with unusual position of two central cells at the periphery of the ommatidium; the central photoreceptor R8 possesses a small rhabdom detectable only in the distal part of the cell (Wolburg-Buchholz, 1979) . Lateral branching of photoreceptor axons and monopolar neurons in lamina indicates the neural superposition type of visual system organization (Wolburg-Buchholz, 1979 ). In addition, there is evidence that Corixa can use polarized light for orientation (Bernáth, Szedenics, Molnár, Kriska, & Horváth, 2001; Rensing & Bogenschütz, 1966) .
Corixa often shares habitat with the backswimmers of Notonecta genus. These 'true' water boatmen have many features in common with Corixa (including flying ability) but behave differently, preying on all sorts of small animals including Corixa, with vision being important for successful hunting (Gergs, Hoeltzenbein, & Ratte, 2010) . This raises a comparative eco-physiological question as to what extent the visual functioning at the retinal level is similar for these two species and whether differences (if any) can be explained by dissimilar foraging behavior.
We have recently investigated biophysical properties and information processing in photoreceptors of N. glauca and another aquatic species, the water strider Gerris lacustris Immonen, Ignatova, et al., 2014) . Both species are rapidly moving predators, although the water strider is a purely diurnal insect, while the backswimmer is usually active at any time. Accordingly, photoreceptors in G. lacustris showed lower absolute sensitivities with smaller variation in absolute sensitivity than N. glauca photoreceptors. However, photoreceptor performance (approximated by information rates extracted from responses to white-noise modulated light stimuli) was quite poor in G. lacustris; it was inferior not only to the performance of N. glauca photoreceptors but also to the performance of stick insect photoreceptors ; in this regard, G. lacustris was similar to the black cricket and American cockroach (Heimonen et al., 2012; Immonen, Krause, et al., 2014) . These results suggest that ecological and behavioral features alone cannot serve as reliable indicators of performance for the sensory system in question and that study of receptor function per se is necessary.
In this work, I document the main biophysical properties of C. punctata photoreceptors using the patch-clamp method and compare them with similar data obtained from other insect species in relation to their visual ecological and behavioral contexts, with a general aim to test our previous conclusions regarding the matching of photoreceptor biophysics to the visual demands on the species.
Materials and methods

Electrophysiology
Lesser water boatmen of both sexes were either captured in the ponds of Oulu University botanical garden or purchased from Blades Biological (Blades Biological Ltd., Edenbridge, Kent, UK) and maintained at room temperature under normal illumination conditions. The work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Ommatidia were dissociated and whole-cell recordings were performed as described previously (Hardie et al., 1991; Krause et al., 2008) . In brief, Sensapex micromanipulators, an Axopatch 1-D patch-clamp amplifier and pClamp 9.2 software (Axon Instruments/Molecular Devices, CA, USA) were used for data acquisition and analysis. Patch electrodes were fabricated from thin-walled borosilicate glass (World Precision Instruments, Sarasota, FL, USA). Electrodes had a resistance of 3.0-8.0 MX. Bath solution contained (in mM): 120 NaCl, 5 KCl, 4 MgCl 2 , 1.5 CaCl 2 , 10 N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesulfoncic acid (TES), 25 proline and 5 alanine, pH 7.15. Patch pipette solution contained (in mM): 140 KCl, 10 TES, 2 MgCl 2 , 4 Mg-ATP, 0.4 Na-GTP and 1 NAD, pH 7.15. All chemicals were purchased from Sigma-Aldrich Inc. (St. Louis, USA). The liquid junction potential (LJP) between bath and intracellular solution was À4 mV. All voltage values cited in text were corrected for the LJP. The series resistance was compensated by 80% and after compensation was typically lower than 10 MX. Membrane capacitance was calculated from the total charge flowing during capacitive transients for voltage steps from À104 to À84/À74 mV.
For light stimulation, a computer-controlled custom-made voltage-to-current driver for light-emitting diodes (LED) was used. Ten monochromatic LEDs (Roithner Laser Technik, Austria), covering a range from 355 to 639 nm (355, 405, 435, 470, 490, 525, 535, 591, 625 and 639 nm) , were used in combination with a series of neutral density filters (ranging from 0 to 8 log units of attenuation) (Kodak, N.Y., USA). Spectrometer USB4000 (Ocean Optics, Inc., USA) was used to measure light intensity. To determine the spectral class of photoreceptors, a stimulation protocol was designed to deliver 20 ms isoquantal flashes of light from all ten LEDs.
Data analysis
To evaluate photoreceptor performance, a 90 s stimulus made of 30 repetitions of a 2 s Gaussian randomly modulated (whitenoise) sequence preceded by an adapting 30 s steady light (of the same mean intensity) was used. The white-noise sequence had a mean contrast of 0.31 and a 3 dB cut off ('corner') frequency (f 3dB ) of 200 Hz. Photoreceptor performance was studied in the frequency domain using MatLab (MathWorks, Massachusetts, USA) as described previously (Faivre & Juusola, 2008; Kouvalainen, Weckstrom, & Juusola, 1994) . The analysis of responses to whitenoise modulated light was performed by estimating the 2 s signal S(f) by averaging voltage responses to 30 repetitions of a 2 s white-noise sequence. The noise was then obtained by subtracting the signal estimate from the original (noise-containing) sequences. To quantify variation in absolute sensitivity, the interquartile range was used instead of standard deviation because the distribution of absolute sensitivity values was closer to lognormal than to Gaussian distribution.
All values are means ± SD. Spearman's Rank Correlation Coefficient (q) was calculated as described previously (Myers & Well, 2003) . The Spearman's q was considered significantly different from zero when the P-value was <0.05. The non-parametric Mann-Whitney U test was used for comparison of non-normally distributed data samples as indicated.
Results
General properties
Corixa's head is very thin, with a pigmented chitin shield protecting the retina from behind ( Fig. 1) . Each of the C. punctata eyes contains ca. 1500 facets (Fig. 1A) . Examples of dissociated ommatidia suitable for patch-clamp recordings are shown in Fig. 2A , green trace), although the absolute majority of photoreceptors displayed maximal responses at 525 nm. In addition, many green-sensitive photoreceptors showed high sensitivity to orange and red light.
Corixa photoreceptors exhibited large variation in whole-cell capacitance. Capacitance was measured in voltage clamp mode by calculating the charge below the capacitive transient following a small voltage step from À104 mV (see Section 2.1). Average whole-cell capacitance of green-sensitive photoreceptors was 441 ± 206 pF, ranging from 97 to 980 pF (n = 48) (Fig. 2B) . Fig. 2C demonstrates a typical example of an elementary photoreceptor response, the current bump (the average of 20 bumps from one cell is shown). The current bump amplitude was 30.0 ± 12.8 pA (averages were first obtained for each photoreceptor and then averaged again for the entire sample; n = 16).
Absolute sensitivity
Absolute photoreceptor sensitivity ( Fig. 3) was measured in green-sensitive photoreceptors at the maximal response wavelength (by coincidence, at 525 nm for all Corixa cells shown) by counting voltage bump responses to continuous stimulation at three very low light intensities, which corresponded to light levels from ''À7'' to ''À5'' (representing logarithmic attenuation of the original stimulus) in Fig. 4B (on average, the rate of evoked bumps was 3.6 ± 2.3 s
À1
). For each photoreceptor, sensitivity was then defined as the number of voltage bumps evoked at the light intensity of ''À7''. Fig. 3 shows the correlation between absolute sensitivity and capacitance. Spearman's q value was 0.73 (P = 0.0002, n = 19).
Fig. 3A also demonstrates correlations between sensitivity and capacitance for four other species characterized by dissimilar lifestyles and behaviors, the backswimmer N. glauca, the Indian stick insect C. morosus, the water strider G. lacustris, and the cockroach P. americana, while Fig. 3B emphasizes differences in absolute sensitivity distributions between these species. These data were obtained in previous studies using the same experimental procedures Frolov et al., 2012; Immonen, Ignatova, et al., 2014; Immonen, Krause, et al., 2014 ) (for photoreceptors with peak spectral sensitivities wavelengths other than 525 nm, the absolute sensitivity values were adjusted to match the photon flux at 525 nm). The maximal steady-state LIC (LIC ss ), which was determined as the LIC at 2 s after the onset of light following photoreceptor stimulation with increasingly bright constant-light stimuli, correlated positively with photoreceptor capacitance (q = 0.70, P = 0.002, n = 18, Fig. 4C ), indicating that light-activated conductance increased nearly linearly with photoreceptor size.
Macroscopic responses
Potassium currents
Similarly to other insect species, two types of voltage-activated outward currents were found in Corixa photoreceptors, with hallmarks of a rapidly activating and inactivating A-type K + current (I A ) and a slowly-inactivating (at positive potentials) delayed rectifier type K + current (I DR ) (Fig. 5) . I A could be completely removed with a 1 s inactivating pre-pulse to À34 mV. Fig. 5A -C show, correspondingly, the total K + current, the current after 1 s pre-pulse to À34 mV, and I A obtained after (1) subtracting the current in panel B from the total current and then (2) subtracting the residual noninactivated current at the end (at 500 ms) of resulting I A traces (this fraction of current is the inactivated I DR ). As follows from Fig. 5D , I A was generally much smaller than I DR (P = 0.017, U-test) and undetectable in 5 of 23 cells. The half-activation potential was À25.5 ± 7.9 mV for I A and À25.7 ± 7.3 mV for I DR .
Larger cells tended to have larger I DR : a positive correlation was found between capacitance and I DR magnitude at À24 mV (q = 0.46, P = 0.024, n = 24, Fig. 5E ). Currents at the relatively low potential of À24 mV were used in order to reduce the series resistance error associated with passing larger currents at more positive potentials. No statistically significant correlation was detected between capacitance and I A (Fig. 5F) .
No hyperpolarization-activated current (such as found in Drosophila (Ugarte et al., 2005) or cockroach ) was observed in Corixa photoreceptors.
Information processing
To evaluate photoreceptor information processing in Corixa, I used a 90 s stimulus consisting of a 30 s constant light amplitude pre-pulse and a 60 s white-noise modulated contrast with a 3 dB cut-off frequency (f 3dB ) of 200 Hz, and with spectral power maximized in this range. Photoreceptors were stimulated over a range of light intensities from the sensitivity threshold up to the saturating light levels. Fig. 6A shows representative responses to whitenoise modulated light. In this photoreceptor, depolarization increased up to a level of about 1,500,000 effective photons s
À1
(purple trace, corresponds to the light level ''À2'' in Fig. 6C) , with a simultaneous improvement in contrast resolution and decline in photon noise, which resulted in a progressive increase of membrane gain (Fig. 6B ) and information rate (Fig. 6C) . At even higher light intensities photoreceptor performance deteriorated, clearly due to saturation of phototransduction units in dissociated ommatidia illuminated side-on and deprived of optical adaptation mechanisms (Howard, Blakeslee, & Laughlin, 1987; Song et al., 2012) . These observations are consistent with findings in other insect species studied with the patch-clamp method Frolov et al., 2012; Immonen, Ignatova, et al., 2014) . The maximal average IR (IR max ) was 36.0 ± 21.3 bits s À1 with the f 3dB of 5.6 ± 0.3 Hz (n = 14). As in other species Frolov et al., 2012; Immonen, Ignatova, et al., 2014) , there were positive correlations between capacitance and photoreceptor performance indicators: larger photoreceptors had significantly higher IR max and f 3dB values than their smaller counterparts (q = 0.74, P = 0.002 for the correlation between capacitance and IR max , Fig. 6D ; q = 0.68, P = 0.0065 for the correlation between capacitance and f 3dB , Fig. 6E ). These results, together with the above-reported correlation between capacitance and absolute sensitivity, imply that variation in photoreceptor size can be functionally important.
Discussion
In this work I provide the first description of the biophysical properties of C. punctata photoreceptors. Previously, similar patch-clamp studies of photoreceptors from dissociated ommatidia under the same conditions were published for several unrelated species: the stick insect C. morosus (Frolov et al., 2012) , the black cricket Gryllus bimaculatus , the American cockroach P. americana (Immonen, Krause, et al., 2014) , the common water strider G. lacustris , and the backswimmer N. glauca . Despite all the differences between these species, their photoreceptors are generally characterized by stereotypical biophysical properties and variations thereof. However, comparative physiological, visual ecological and behavioral analysis of the results revealed evidence of specific optimizations of retinal function Immonen, Ignatova, et al., 2014) . Here I discuss the Corixa data in the context of previous findings.
Firstly, large variations in absolute sensitivity among photoreceptors were found in five species ( Fig. 3; this aspect was not addressed in the G. bimaculatus study). Although measurements of absolute sensitivity, referring to ommatidia stimulated side-on, may not be a good indicator of in vivo photoreceptor sensitivity (discussed in Immonen, Ignatova, et al., 2014) , the variations in absolute sensitivity shown in Fig. 3A appear to have functional importance. Since different visual behaviors and lifestyles are associated with dissimilar suites of morphological adaptations (Cronin et al., 2014) , it is reasonable to expect the presence of complementary functional adaptations at all levels of a visual system, including photoreceptors. It is therefore plausible that photoreceptors of nocturnal insects might have higher intrinsic absolute sensitivity than photoreceptors of diurnal species, and that species active over the total K + current electrically; the currents were elicited by 500 ms pulses between À74 and +36 mV in 10 mV increments from a HP of À74 mV; each testing step was preceded by a 1 s pre-pulse to either À114 mV (to fully recover I A ) or to À34 mV (to fully inactivate I A ); I A was then obtained by digital subtraction of the resultant traces; the first 2 ms of the current traces with capacitive transient were digitally removed; as the pre-pulse to À34 mV has partially inactivated I DR , the residual current at 500 ms was also subtracted from the I A trace following the first subtraction. (D) Voltage-dependences of the average maximal conductance for I A and I DR ; I DR was obtained at the end of 500 ms total K + current traces. (E and D) Correlations between I DR and I A magnitudes at À24 mV and capacitance, respectively; grey circles in the panel D designate photoreceptors lacking I A . a broad range of environmental light intensities might be characterized by a larger variability in absolute sensitivity than species with relatively narrow illumination preferences. Indeed, it follows from Fig. 3 that both the absolute sensitivity variation ranges and their medians (median is used because absolute sensitivity distributions are not Gaussian) are quite consistent with the visual ecologies of the studied species: the median absolute sensitivity was greatest in the nocturnal stick insect and lowest in the diurnal water strider, with the medians for the cockroach (a nocturnal and crepuscular animal) and the backswimmer (active around the clock) intermediate. Corixa's absolute sensitivity median was close to that of G. lacustris, which agrees with my observations of the bug's behavior in outdoor artificial basins: Corixa is not deterred by daylight and prefers to rest on the walls close to the surface even in bright sunlight. Accordingly, absolute sensitivity variation in Corixa as measured by the interquartile range (ICR) is only marginally larger than in the water strider (0.46 vs. 0.38, respectively) and much smaller than in three other species: 1.19 (C. morosus), 1.48 (P. americana), and 1.75 (N. glauca). However, it should be noted that the pool of peripheral photoreceptors in the water strider includes both green-and blue-sensitive cells, with blue photoreceptors on average being 4.6-times more sensitive than green photoreceptors, while in C. punctata all peripheral photoreceptors had peak responses to wavelengths P490 nm. Nevertheless, these results suggest that, in terms of absolute photoreceptor sensitivity, Corixa is more similar to the diurnal surface dweller G. lacustris than to N. glauca. Average photoreceptor capacitance in Corixa was 441 ± 206 pF, higher than in any other insect species described previously. Capacitance is directly proportional to photoreceptor membrane area and should be directly proportional to absolute sensitivity too, assuming that (1) sensitivity is proportional to the amount of light-sensitive pigment (i.e. the rhabdom volume), (2) rhodopsin concentration is uniform, (3) the rhabdom dominates capacitance, and (4) there is no electrical shielding within the rhabdomere. Strong positive correlations between capacitance and absolute sensitivity reported for five insect species in the previous studies and here (Fig. 3) substantiate the third assumption as these correlations would probably be smaller if the light-insensitive part of photoreceptor membrane was more prominent. Still, there is an obvious discrepancy between the variations in capacitance and absolute sensitivity, as the latter is much greater than the former for all species in Fig. 3 , contradicting the direct proportionality argument (e.g. for Corixa, there is a 100-fold difference in absolute sensitivity but only a ca. 3-fold difference in capacitance). The cause of this discrepancy is not known; it is conceivable that other factors proportional to capacitance contribute to the disproportional increase in the absolute sensitivity of the largest rhabdomeres or/and the decrease in sensitivity of the smallest ones. These unidentified factors evidently operate in a species-specific manner since correlation between capacitance and absolute sensitivity is much smaller when the data from all five species are pooled together rather than assessed individually (q = 0.38, P < 0.0001, n = 106).
Likewise, capacitance correlated with other biophysical properties of photoreceptors such as amplitudes of light-induced and delayed-rectifier K + currents, and with measures of photoreceptor performance f 3dB and IR max , which clearly indicates that larger receptor units are functionally superior (Table 1) . However, while dependence of IR max on capacitance is easy to understand because it is a function of SNR integral over the membrane bandwidth, the positive correlation found between capacitance and f 3dB requires scrutiny. Under voltage clamp conditions, the upper limit of temporal resolution of the photoreceptor is determined by the variation in quantum bump latency (and, technically, by the mean latency itself, since phototransduction is essentially a stochastic process described by Poisson statistics (Song et al., 2012) ): the smaller the latency variation, the faster changes in light stimulus the photoreceptor can resolve; that is, short latency and small latency variation are associated with high corner frequency and vice versa (compare short-latency, high-corner-frequency photoreceptors of the blowfly with long-latency, low-corner-frequency photoreceptors of the American cockroach (Heimonen et al., 2012; Ignatova et al., 2014; Immonen, Krause, et al., 2014; Tatler, O'Carroll, & Laughlin, 2000; Weckström et al., 1985) ). Importantly, the contribution of other factors affecting bandwidth, i.e. ion channel conductances (which regulate the frequency range of voltage responses (Vahasoyrinki et al., 2006) ), is intrinsically limited by the speed of phototransduction; in other words, no matter how fast the membrane, the maximal achievable temporal resolution is still determined by the latency variation. The positive correlation in Fig. 6D indicates that either the speed of phototransduction depends on photoreceptor size (an unlikely proposition), or the function of K + conductances is sub-optimal in the relatively small cells, resulting in excessive RC-filtering. Indeed, no statistically significant correlation between capacitance and f 3dB was found among imago photoreceptors in three other species (see Table 1 for N. glauca and G. lacustris; for C. morosus: q = 0.52, P = 0.12, n = 10), which coincidentally demonstrate much higher delayed rectifier densities than that found in Corixa (see Table 1 ; for C. morosus the average I DR density at À24 mV is 0.049 nS pF
À1
). However, further research including a systematic comparison of voltage and current responses to contrast-modulated stimulation will be necessary to decisively resolve this issue.
In order to enable comparative analysis of information processing in photoreceptors, the same white-noise stimulus was used in studies of different species. The average IR max in C. punctata was much higher than in P. americana, G. bimaculatus, and G. lacustris, slightly higher than the average IR max in C. morosus, and much smaller than that in N. glauca (Table 1 , also see ). The most puzzling aspect of this ranking is that two fast runners, the American cockroach and the water strider, demonstrate such poor information rates, substantially lower than in the slow walker, small-eyed stick insect. As argued elsewhere , the reason for this might be that vision is a secondary sense for them, with escape reaction being triggered without detailed resolution of a distress signal. On the other hand, in respect to differences between the morphologically similar lesser water boatman C. punctata and the 'true' water boatman N. glauca, it is reasonable to conclude that superior performance of the latter's photoreceptors can at least in part be explained by the need to visually identify its prey before an attack (Gergs, Hoeltzenbein, & Ratte, 2010) .
As an aside, our comparative studies revealed a surprising range of variation in the size of quantum bumps among the species studied. Bump amplitude varied from À12.2 ± 3.6 pA in the water strider to À47.2 ± 19.2 pA in the backswimmer (Table 1) , with other insects demonstrating intermediate average values: the Peruvian stick insect P. schultei, À44.7 ± 11.8 pA (n = 6); G. bimaculatus, À44.0 ± 12.5 pA (for green-sensitive photoreceptors) ; P. americana, À35.6 ± 13.6 pA (n = 54); C. punctata, À30.0 ± 12.8 pA (Table 1) ; C. morosus, À20.0 ± 6.7 pA . Currently there is no satisfactory explanation for this variability.
In conclusion, accumulating evidence suggests that morphological variation among photoreceptors in the compound eye is a crucial contributor to the dynamic range of vision in insects. As described above, substantial variations in photoreceptor size as measured by capacitance have been found in every species studied so far, with the exception of D. melanogaster. (Whether or not such variability reflects regional eye differences cannot be established with the method used; however, it does not appears to be related to differences between individual dissociated ommatidia as no correlation was found between the apparent size of ommatidia and the capacitance of photoreceptors they included. Moreover, it seems unlikely that double-cell recording artifacts, which are quite prevalent in Drosophila, contributed significantly to capacitance variation in this study, as electrophysiological correlates of double recordings, such as capacitance distribution with several maxima, a complex time course of membrane charging, or the presence of two types of quantum bumps (R. Hardie, personal communications) were absent.) Although within-sample variability in capacitance between the largest and the smallest cells rarely exceeds ten-fold, it is almost always associated with much greater, often several-hundred-fold, variability in absolute sensitivity. In addition, since light responses of larger and more sensitive photoreceptors would be likely to exhibit voltage saturation in dimmer light than responses of smaller photoreceptors (more sensitive photoreceptors produce more bumps at the same light level than less sensitive ones, and voltage bump amplitude does not depend on photoreceptor size), different fractions of photoreceptors would probably have operational optima at different light intensities. This built-in, 'hardware', variation can be amplified by light-adaptating, 'software', mechanisms such as dynamic pigment screening and photoreceptor migration along the ommatidial axis. As a result, insect retinas can potentially function over an intensity range as large as nine orders of magnitude, covering almost the entire environmental illumination range, from sun-to starlight.
